A composite structure of carbon nanofiber ͑CNF͒ and carbon nanocone ͑CNC͒ has been successfully fabricated on the Co/Al/Si͑100͒ substrates by using microwave plasma-enhanced chemical vapor deposition. A hydrogen pretreatment is required to form Co-Al nanoparticles on the substrate at 450°C, which is essential for the subsequent CNF/CNC growth. The CNF/CNC composite structure is fabricated by a two-step process in which bundles of CNFs are formed on the as-pretreated substrate at 450°C and a CNC structure is subsequently formed at 650°C by a coalescence mechanism. Raman spectra indicate that sp 2 bonds in CvC chains play a role in connecting CNFs in each bundle during the formation of CNCs. An upward growth of CNFs on the top of CNCs occurs during coalescing CNFs. The CNF/CNC composite structure exhibits very good field emission characteristics, better than CNFs. The optimum turn-on field for the CNF/CNC structure is 2.5 V/m, which is defined as the electric field at a current density of 10 A/cm 2 . The current density is 4. Carbon nanotubes ͑CNTs͒ have been recognized as the best carbon system for field emission because of the high local electric field at extremely sharp tips and high conductivity which is able to carry very large current density.
Carbon nanotubes ͑CNTs͒ have been recognized as the best carbon system for field emission because of the high local electric field at extremely sharp tips and high conductivity which is able to carry very large current density. 1, 2 Carbon nanostructures other than CNTs, such as carbon nanofibers ͑CNFs͒ 3, 4 and carbon nanocones ͑CNCs͒, [5] [6] [7] are also promising material structures as field emitters. The CNFs exhibit field emission characteristics similar to CNTs due to their very sharp tip structure. As with CNTs, CNFs also lack strong mechanical adhesion to the substrate. 5 The fabrication of CNCs has attracted attention because of better mechanical stability at the interface and a reasonably sharp tip structure. 8 The mechanically stable CNC structure usually has a density of ϳ10 10 cm −2 , 9 which is lower than that of CNTs. However, the low density of CNCs is appropriate for field emission due to the screening effect. [10] [11] [12] Research direction on CNCs is currently aimed to sharpen the tip structure because it can enhance field emission characteristics. 3, 12 CNCs can be sharpened either by adjusting the gas ratio or by changing the bias voltage during growth. 13, 14 In this article, we present an alternative approach to fabricating a sharp tip structure of CNFs on CNCs. Bundles of CNFs are first formed on a Co/Al/Si͑100͒ substrate at 450°C. A CNF/CNC structure is then formed by coalescing CNFs and by upward growth of a CNF at 650°C. The CNF/CNC composite structure exhibits better field emission characteristics than CNFs.
Experimental
An Al ͑10-nm͒ interlayer and a Co ͑10-nm͒ catalyst layer were sequentially deposited onto a p-type Si͑100͒ substrate by sputtering. The Co/Al/Si substrate was first cleaned by acetone and deionized water and then put on a 4-in. substrate holder in a microwave plasma enhanced chemical vapor deposition ͑MPECVD͒ system. The MPECVD chamber was evacuated to a base pressure of 5 ϫ 10 −2 Torr with mechanical pump. The holder was heated to 450°C under vacuum before a H 2 plasma pretreatment. The H 2 plasma pretreatment was performed to form catalytic nanoparticles on the substrate at a microwave power of 3000 W, a total pressure of 0.14 Torr, and a bias voltage of −300 V for 5 min. A mixed gas of CH 4 /H 2 = 10:50 was subsequently fed into the chamber to ignite the CH 4 /H 2 mixed plasma. A two-step fabrication process was performed to grow CNFs at 450°C for 60 min and then to grow CNF/ CNC at 650°C for different time periods. Surface morphologies of the CNF/CNC samples were characterized by using a JEOL JSM-6500F field-emission scanning electron microscope ͑FESEM͒. The Raman spectra were measured by using high-resolution microRaman ͑Jobin Yvon LabRAM HR͒. The beam size of the microRaman was 1 m as defined by a laser source having a wavelength of 488 nm. The field emission characteristics were measured at 10 −5 Torr in a planar diode configuration at room temperature. The interelectrode spacing was 100 m, as defined by a spacer located outside the emission area, and the area of collecting emission current was 0.1 cm 2 .
z E-mail: jch@mse.nthu.edu.tw Results and Discussion Figure 1 shows the scanning electron microscopy ͑SEM͒ images of the CNFs and the CNF/CNC structures grown on the Co/Al/Si͑100͒ substrate by a two-step plasma-enhanced chemical vapor deposition ͑PECVD͒ process. The Co/Al/Si͑100͒ substrate was pretreated in a hydrogen plasma at 450°C for 5 min in order to form islands of Co-Al alloy, which is important for the subsequent two-step growth process. The morphology of the Co-Al islands is shown in Fig. 1a with a top-view micrograph inserted in the upperright corner. The 10-nm-thick Al interlayer is useful in enhancing the island formation. 15 At the first step, bundles of CNFs of 500-1000 nm long are grown on the as-pretreated Co/Al/Si͑100͒ substrate at 450°C, as shown in Fig. 1b , in which CNFs are in close contact in each bundle. At the second step, the CNFs in each bundle are coalesced into a CNC structure with time at 650°C as shown in Fig. 1c-e , where the interspace between CNFs disappears with time. The coalescence process in forming the CNC structure begins at the bottom part and gradually moves to the top part. In order to differentiate the extent of coalescence, the partially coalesced CNFs are named coalesced CNFs ͑Fig. 1c͒, and the completely coalesced CNFs are CNCs ͑Fig. 1d and e͒. One dominant CNF is grown on the top of the CNC structure. This indicates that upward growth of a CNF occurs during the coalescence of CNF bundles. The top part of the coalesced CNFs or CNF/CNC structures are enlarged at the same magnification for comparison and inserted in Fig. 1c-e , respectively.
The chemical information of the CNFs and CNF/CNC structures can be extracted from the Raman spectra shown in Fig. 2 . No hydrogenated amorphous carbon ͑a-C:H͒ characteristic peak centered at 1450-1500 cm −1 was found in all the Raman spectra. 16 Generally, Raman spectra of CNFs have two prominent peaks, D band ͑cen-tered at ϳ1350 cm −1 ͒ and G band ͑centered at ϳ1580 cm −1 ͒.
17,18
The D band arises from disorder graphite due to A 1g vibration mode and G band from graphite due to E 2g vibration mode. 16 All sp 2 sites of CvC chains or aromatic rings contribute G mode intensity due to stretching vibration, and only sp 2 bonds in sixfold rings on the surface could increase D mode intensity due to breathing mode of those sp 2 sites. 16, 19, 20 The I͑G͒/I͑D͒ for the CNFs grown at 450°C ͑the first step͒ is slightly larger than 1. This suggests that the sp 2 bond in aromatic rings on the surface is the dominant component in CNFs. As shown in Fig. 2 , the I͑G͒/I͑D͒ ratio increases with the growth time at the second step, indicating that the formation of sp 2 bonds in CvC chains occurs during the coalescence of CNFs in each bundle. The CNFs are very probably bonded or filled by newly formed sp 2 CvC chains in forming the CNC structure. The possibility of forming sp 2 bonds in sixfold rings is excluded because I͑D͒ does not increase at the second step. Figure 3 shows the field emission properties of the CNFs and CNF/CNC structures, plotted as current density ͑mA/cm 2 ͒ vs applied field ͑V/m͒. The coalesced CNF structure ͑curve b͒ displays better field emission properties than the CNF bundles ͑curve a͒. Note that the "screening effect" is the same for both the coalesced CNFs and CNF bundles because the CNF morphologies at the top are about the same. The improvement of field emission characteristics is thus attributed to the higher conductivity of coalesced CNFs. The higher conductivity of the coalesced CNFs is supported by the increase of I͑G͒ in the Raman spectra in Fig. 2 , because conducting sp 2 CvC chains are deposited in between CNFs in each bundle. Moreover, the current density in Fig. 3 increases with the growth time longer than 20 min at the second step, which is attributed to the total length of the CNF/CNC structure. According to the field emission theory, a longer CNF/CNC exhibits a higher electric field at the tip end, which results in a higher current density. The optimum field emission performance of the CNF/CNC structure occurs at the growth condition: 450°C 60 min and 650°C 40 min. The corresponding turn-on field is 2.5 V/m, which is defined as the electric field at a current density of 10 A/cm 2 . The corresponding current density is 4.5 mA/cm 2 at 6 V/m. The growth mechanism of the formation of the CNF/CNC structure in the two-step process is shown in Fig. 4 and described below. At 450°C, CNF bundles are formed and homogenously distributed over the Co/Al/Si͑100͒ substrates pretreated with hydrogen plasma.
The CNF bundles are dominated by sp 2 aromatic rings. A bias voltage of −300 V that creates an electric field favors the upward growth of CNF bundles. Substrate temperature, rather than bias voltage, is crucial in forming the CNF/CNC structure. CNF bundles are coalesced to form a CNC structure starting from the bottom and moving upward with time at 650°C. Meanwhile, a CNF grows upward on top of the CNC structure. The length of CNFs increases with growth time. The coalescence process is considered to be driven by the surface energy reduction of CNFs. Raman spectra suggest that sp 2 C v C chains play a role in bonding CNFs in each bundle during the coalescence process.
Conclusions
A two-step MPECVD process was developed to fabricate a long CNF on a CNC structure. Bundles of CNFs are formed on the Co/Al/Si͑100͒ substrate at 450°C and the CNFs are subsequently coalesced to form CNCs at 650°C. The sp 2 CvC bonds play a role in connecting CNFs in each bundle, which provide highconductivity paths for electrons to flow to the tip end. The CNF/ CNC composite structure exhibits very good field emission characteristics, better than CNFs. 
